M
uch attention has been focused on the barrier to T cell activation posed by the 'forest' of bulky glycoproteins that form the glycocalyx of the cell surface, but there are even deeper potential barriers to signaling on the other side of the membrane that have only recently started coming into focus 1 . The cell cortex comprises a crosslinked network of filamentous actin (F-actin), myosin and other proteins that lie directly underneath the plasma membrane and form a barrier typically 100 nm in thickness 2 (Fig. 1a) . The cortex offers resistance to externally applied forces and has a key role in cell-shape change. In this issue of Nature Immunology, Weiss and colleagues test a new tool for 'kick-starting' T cell activation and discover a new F-actindependent barrier to signaling via the T cell antigen receptor (TCR) in thymocytes 3 . That barrier is breached at least in part by engagement of the coreceptor CD28 and thus has the potential to be important for the generation of CD28-dependent T cell lineages such as Foxp3 + regulatory T cells 4 .
Src-family kinases (SFKs) such as Lck undergo allosteric regulation driven by tyrosine phosphorylation (Fig. 1b) . SFKs all share a unique amino (N)-terminal domain that is involved in membrane interactions, a Srchomology 3 (SH3) domain, an SH2 domain, a linker with a polyproline motif, a kinase domain (SH1) and a carboxy (C)-terminal TCR signaling: the barrier within
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Acute inhibition of the regulatory kinase Csk reveals additional checkpoints for full activation of thymocytes via the T cell antigen receptor.
extension that contains a tyrosine residue that can be phosphorylated. The tertiary structure of these kinases allows two inhibitory intramolecular interactions: interaction of the SH3 domain with the polyproline motif, and interaction of the SH2 domain with the phosphorylated C-terminal tyrosine. The aptly named 'cytosolic C-terminal Src kinase' (Csk) phosphorylates that C-terminal tyrosine and 'encourages' intramolecular binding of the SH2 domain and inhibition of the kinase. The phosphate is removed by the transmembrane tyrosine kinase CD45 in the case of Lck, which favors activation. Unlike the SFKs, Csk lacks a membrane-recruitment domain and thus needs to bind through its SH2 domain to membrane-anchored adaptors such as Cskbinding protein (CBP).
Weiss and colleagues ask what would happen if Csk could be rapidly turned off. Published studies have used overexpression of dominantnegative forms of Csk 5 , but approaches that involve stable gene expression are subject to compensation and other caveats. To acutely Arrows indicate signaling cascades initiated by Lck-mediated phosphorylation of individual TCRs in the resting state; arrow length corresponds to the depth of the signaling cascade reached (so for a given condition the lengths vary, reflective of stochastic effects): basal signaling (gray); signaling initiated by inhibition of Csk AS (purple); or signaling initiated by inhibition of Csk AS and disruption of actin (or costimulation via CD38; red). Blue and red dashed lines represent signaling thresholds that correspond to the phosphorylation (p-) of PLC-g1 and Erk. In the unperturbed cell, the signaling cascades reach neither threshold. Inhibition of Csk AS probably globally enhances Lck activity and TCR phosphorylation and thus increases the number of signaling cascades and the probability that at least one cascade breaches the threshold required for the phosphorylation of PLC-g1. The phosphorylation of Erk also requires disruption of actin, which may enhance the access of PLC-g1 to substrates in the membrane. to envisage how conformational rearrangements, such as dissociation of the immunoreceptor tyrosine-based activation motifs of the invariant signaling protein CD3 from the membrane 16 , could be considered necessary elements of the TCR-triggering mechanism. In addition, ligand-dependent mechanical distortion 17 is also largely out of the question. Mechanical feedback on T cell responses may instead be integrated through changes in the F-actin cortex.
The elegant experiments of Weiss and colleagues have two important 'take-home messages' . First, along with their previous studies of Csk AS , the new data show that the TCR signalosome can be activated in primary thymocytes (and Jurkat cell lines) without engagement of the receptor simply by an acute increase in the activation of SFKs, which vividly illustrates the sensitivity of the TCR to changes in the balance of kinase and phosphatase activities. Second, cortical actin can form a functional barrier between active PLC-g1 and its substrate. It is not so much the quantity of F-actin that matters, perhaps, but also its organization, as engagement of CD28 increases the accumulation of F-actin at the site of engagement while still overcoming the barrier to full signaling also breached by the disruption of F-actin. The work of Weiss and colleagues thus substantially expands the possibilities for how cortical F-actin could regulate signaling in cells of the T lineage. disruption of actin. Bringing CD28 into the equation as a remodeler of actin nevertheless has interesting functional implications, as a phosphorylated tyrosine residue in the cytoplasmic domain of CD28 may also directly modulate Lck activity through binding to Lck's SH2 domain in competition with the terminal tyrosine phosphorylated by Csk 9 . During the thymic differentiation of regulatory T cells, therefore, CD28 may both overcome the actin barrier and contribute to Lck-activation mechanisms that are critical for additional downstream signaling.
It is necessary, however, to bring just one note of caution to interpretation of these new data. This is because whereas the types of perturbation imposed by Weiss and colleagues 3 -that is, global disruption of actin and acute inhibition of Csk-will affect all the TCRs present simultaneously, the T cell is able to respond in a physiological setting to just a few TCR ligands 10 , which indicates that individual TCRs acting locally are capable of strong signaling. Perturbations that are imposed on very large numbers of TCRs simultaneously, whose individual effects might otherwise be relatively weak, will tend to increase the overall probability of signaling and elicit responses that might be similar in strength to those primed by 'strong' ligands acting through just a few TCRs, due to stochastic effects 11 (Fig. 1c) . Among the challenges that remain, it will be necessary to show that local remodeling of actin, perhaps mediated by costimulation, contributes substantially to local signaling responses to conventional ligands rather than contributing to other local processes.
The classical feedback model for Csk is that active SFKs phosphorylate sites on adaptors at the membrane that then recruit Csk, which in turn inhibits the active SFKs by phosphorylating their C-terminal tyrosine residues 12 . It has been shown, however, that the docking site for Csk in CBP is transiently dephosph orylated during triggering of the TCR 5, 13, 14 . Nevertheless, the role of CBP in controlling Csk localization seems to be somewhat redundant, as CBP-deficient mice have no alteration in T cell phenotype 15 . While Weiss and colleagues clearly show that inhibiting Csk is a potent means of triggering the TCR 3 , as the authors argue elsewhere, it is difficult to envisage how inhibition of Csk might be coopted in vivo in a way that initiates or promotes new signaling 14 . After all, Weiss and colleagues observe only a relatively slow decay in terminal tyrosine phosphorylation of Lck after inhibition of Csk 3 . On the other hand, as the authors also note, given the scale of the effects of Csk blockade in the absence of TCR engagement, it is difficult and specifically inhibit Csk, the Weiss laboratory teamed up with the Shokat laboratory to generate a bulky ATP analog-sensitive mutant of Csk (Csk AS ) 6 . In published work, they found that when a membrane-anchored form of Csk AS was expressed in the Jurkat human T lymphocyte cell line, inhibition with the bulky analog resulted in the full activation of TCR signaling, including phosphorylation of the kinase Erk and an increase in cytoplasmic Ca 2+ concentrations 6 . Now, Weiss and colleagues have introduced the gene encoding Csk AS into mice via bacterial artificial chromosome transgenesis to gauge the effect of acute inhibition of Csk in primary cells 3 . When Csk is acutely inhibited in primary thymocytes, the early TCR activation cascade is triggered, including activating phosphorylation of Lck, the cytoplasmic kinase Zap70, phospholipase C-g1 (PLC-g1) and the PLC-g1 adaptor Lat. These results indicate that the TCR-proximal elements of the tyrosine kinase cascade work as expected, with acute inhibition of Csk pushing the equilibrium toward greater activation of Lck, which drives assembly of the classical proximal signalosome without engagement of the TCR. Unexpectedly, however, whereas inhibition of Csk generates robust TCR-proximal signals, no activation of Erk or elevation in cytoplasmic Ca 2+ ensues, which identifies a previously unsuspected signaling checkpoint comprising the cleavage of phosphatidylinositol-4,5-bisphosphate by PLC-g1 (ref.
3). However, that checkpoint is overcome by disruption of F-actin with cytochalasin D or by engagement of CD28 in thymocytes with dendritic cells or beads coated with the CD28 ligand CD86, which results in increased recruitment of F-actin to the synapse. Mature T cells have a more complex response to manipulation of F-actin after inhibition of Csk, so the existing view that F-actin has a positive role in mature T cells still holds true 7 .
Little is known about the actin cortex of lymphocytes. At the typical depth of 100 nm (and a mesh size of 15-30 nm), the cortex of T cells would be much deeper than the maximum theoretical reach of the TCR or Lat (Fig. 1a) . That is why processes such as secretion need to generate holes in the actin cortex to allow vesicles to reach the plasma membrane 8 . Cortical actin is argued to be a diffusion barrier in signaling via the B cell antigen receptor, and the work of Weiss and colleagues now shows that cortical F-actin acts as a barrier that apparently constrains the access of otherwise active PLC-g1 to phosphoinositide lipids 3 . Exactly how the barrier function is achieved is unclear, as there is at least some access of PLC-g1 to the signalosome because it is phosphorylated after inhibition of Csk without n E W S A n D V I E W S npg
